Isotype switching involves a region-specific, nonhomologous recombinational deletion that has been suggested to occur by nonhomologous joining of broken DNA ends. Here, we find increased donor͞acceptor homology at switch junctions from PMS2-deficient mice and propose that class switching can occur by microhomology-mediated end-joining. Interestingly, although isotype switching and somatic hypermutation show many parallels, we confirm that PMS2 deficiency has no major effect on the pattern of nucleotide substitutions generated during somatic hypermutation. This finding is in contrast to MSH2 deficiency. With MSH2, the altered pattern of switch recombination and hypermutation suggests parallels in the mechanics of the two processes, whereas the fact that PMS2 deficiency affects only switch recombination may reflect differences in the pathways of break resolution.
Isotype switching involves a region-specific, nonhomologous recombinational deletion that has been suggested to occur by nonhomologous joining of broken DNA ends. Here, we find increased donor͞acceptor homology at switch junctions from PMS2-deficient mice and propose that class switching can occur by microhomology-mediated end-joining. Interestingly, although isotype switching and somatic hypermutation show many parallels, we confirm that PMS2 deficiency has no major effect on the pattern of nucleotide substitutions generated during somatic hypermutation. This finding is in contrast to MSH2 deficiency. With MSH2, the altered pattern of switch recombination and hypermutation suggests parallels in the mechanics of the two processes, whereas the fact that PMS2 deficiency affects only switch recombination may reflect differences in the pathways of break resolution.
T he adaptive immune response utilizes two processes that enable an antibody, after initial encounter with the antigen, to bind that antigen more effectively as well as to recruit powerful effector pathways leading to antigen neutralization. One of these processes, somatic hypermutation, introduces nucleotide substitutions at high frequency into the Ig V gene, allowing the production and subsequent selection of lymphocytes that make antibodies with increased affinity for the antigen (1) . The other process, class-switch recombination, allows a B lymphocyte that initially expresses an IgM antibody to develop into an IgG-, IgA-, or IgE-expressing cell, changing the antibody's effector activity (2, 3) . Switch recombination is exceptional among programmed gene rearrangements in that it is neither evidently a homologous nor a site-specific recombination event; rather, it is region-specific.
Although hypermutation and switching are distinct processes and can occur independently in the activated B cell, they share a number of features-a circumstance that previously led us to propose that aspects of their mechanism are in common (4) . Thus, both processes are (i) targeted to the Ig gene loci, (ii) linked to transcription, (iii) associated with DNA breaks, (iv) associated with related consensus sequences (GAGCT), and (v) found with diminished efficiency and increased consensus targeting in mice deficient in MSH2. This suggestion of a shared component to the mechanisms of hypermutation and switch recombination was greatly strengthened by the demonstration that deficiency in a single protein (activation-induced deaminase; see ref. 5 ) is sufficient to abolish both processes while leaving most other features unaffected.
However, although hypermutation and class-switch recombination show many parallels, a clear distinction is in their sensitivity to deficiency in components of the Ku͞DNA-PK cs complex: switching is substantially inhibited by deficiency in these proteins, whereas hypermutation is essentially unaffected (6) (7) (8) (9) . Presumably, this distinction reflects the fact that the parallels between hypermutation and switching are likely to relate to the initiation of the two events (and possibly the generation of DNA breaks) rather than to the pathway of resolution of the initiating DNA lesion.
We and others have noted that class-switch recombination is diminished in MSH2-deficient mice, and we noted that -switch breaks were more focused on consensus motifs (4, 10) . An effect of MSH2 deficiency on the nature of the switch junctions could simply reflect that MSH2 plays a role in correcting the nucleotide mismatches that are generated as a consequence of the switch recombination itself; indeed, nucleotide substitutions are frequently observed adjacent to the break junctions (11) . This hypothesis ascribes a function to MSH2 that falls within its conventional role in mismatch repair. However, an alternative hypothesis, which we favor, is that MSH2 is actively involved in assisting the switch recombination process and is not just contributing by way of repairing the errors left in its wake. As an approach toward discriminating these two hypotheses, we here investigate the effect of PMS2 deficiency on class-switch recombination. The reasoning is that if the effect of MSH2 deficiency on the nature of switch recombination junctions is solely a consequence of the lack of resultant mismatch repair, then the switch junctions in PMS2-deficient mice should be similarly affected because mismatch repair depends on MSH2 (possibly in conjunction with MSH3 or MSH6) working through PMS2. We confirm the observation of Schrader et al. (10) that PMS2 deficiency (like MSH2 deficiency; refs. 4 and 10) leads to diminished isotype switching. This in itself does not necessarily imply a role for PMS2 or mismatch repair in the mechanics of the switch recombination process itself (see, for example, ref. 12). However, we find that PMS2-deficiency does have an effect on the actual switch recombination events that is quite distinct from that of MSH2-deficiency. The results point to the ability of a microhomology-mediated process to participate in the resolution of switch breaks.
Materials and Methods
Mice. PMS2-deficient mice (13) were kindly provided by S. Baker (Univ. of California, Berkeley). Pms2 ϩ/Ϫ animals were intercrossed in our barrier unit to generate homozygous mice. The mice were genotyped with a PCR-based assay on tail DNA.
Analysis of Mutation.
Mutation analysis was performed as described (14) . Briefly, germinal center [CD45R(B220) ϩ PNA hi ] B cells were sorted from Peyer's patches, and the J H 4 3Ј-flanking sequence of endogenous rearrangements of V H J558 family members were amplified by PCR. The resulting products were cloned into M13mp19 and sequenced by using a ABI377 sequencer (Applied Biosystems). Sequences were aligned and analyzed by using PREGAP and GAP4 software (15) . A 403-bp segment was analyzed for mutations (excluding the VDJ junction and the Abbreviation: LPS, lipopolysaccharide. † To whom reprint requests should be addressed. E-mail: m.ehrenstein@ucl.ac.uk.
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
5Ј-terminal 16 residues of the J H 4 segment). All analysis of hotspots and mutation bias were performed on restricted data after elimination of clonally related sequences identified on the basis of shared VDJ rearrangements. The maximum PCR error for the described conditions was estimated (by sequencing clones from fractionated PNA low B cells) to be less than 0.8 ϫ 10
Ϫ3
.
In Vitro Cultures. Single cell suspensions of spleen cells (after red blood cell lysis) were cultured at 1 ϫ 10 6 cells/ml in RPMI medium 1640 supplemented with 10% FCS and 50 g/ml Escherichia coli lipopolysaccharide (LPS; Sigma) with or without 50 ng/ml IL4 (R&D Systems). Cultures were performed for 4 days before flow cytometric analysis and DNA extraction. Flow cytometric analysis of surface IgG1, IgG2b, or IgG3 expression was performed by using biotinylated anti-Ig antibodies (PharMingen), FITC-conjugated streptavidin (Dako), and phycoerythrin-conjugated rat RA3-6B2 monoclonal antimouse CD45R(B220) (GIBCO). Activated lymphocytes were gated on the basis of forward and side scatter.
Analysis of Switch Recombination Junctions. Genomic DNA was prepared from day-4 LPS͞IL-4 spleen cultures after proteinase K digestion. PCR conditions have been described by using the following primers for the first round of the nested PCR: S1 (5Ј-TAGTAAGCGAGGCTCTAAAAAGCAT, nucleotides 5031-5055 of MUSIGCD07 or 5Ј-AACTCTCCAGCCACAGTA-ATGACC, nucleotides 4942-4965) and either S␥3.1 (5Ј-CTACTGAGTTCCTGTGCTTG, nucleotides 1050 -1069 of MUSIGCD18) S␥1.1 (CTGTAACCTACCCAGGAGACC, 8918-8938 of MUSIGHANB) or S␥2b CATCTCTGGAAGCTTTC-CATG, 1151-1171 of MMU85373). The second round of the nested PCR was performed by using S2 (5Ј-ATCGAATTCGCTT-GAGCCAAAATGAAGTAGACT, nucleotides 5140-5163 of MUSIGCD07, or 5Ј-ACGCTCGAGAAGGCCAGCCTCATA-AAGCT, nucleotides 4972-4994) and either S␥3.2 (5Ј-CCG-GAATTCTTGACCTGGTACCCTAGC; nucleotides 1035-1052 of MUSIGCD18), S␥1.2 (5Ј-GTCGAATTCCCCCATCCTGT-CACCTATA nucleotides 8868-8886 of MUSIGHANB), or S␥2b.2 (GCTGAATTCACATGCCGCTCTCCCCAGGTATC, nucleotides 1092-1114 of MMU85373) before purification of the DNA, and cloning into pBluescript after digestion with EcoRI and sequencing. For S␥3 an alternative pair of primers (termed primers ␤) about 290 bases upstream were also used [first round: GGT-TCCTCTGCTCAGGAATTAC, nucleotides 749 -770 of MUSIGCD18 (or nucleotides 2632-2653 of MUSIGHANA) and CCGGAATTCCCTGACCCAGGAGCTGCATAAC, nucleotides 726-742 of MUSIGCD18 (or nucleotides 2603-2625 of MUSIGHANA)]. Switch junctions were identified by using BLAST with the low-complexity filter disabled. Donor͞acceptor homology was monitored by measuring the number of nucleotides of perfect identity between donor and acceptor sequences at the switch junction.
Results

Switch Junctions Exhibit Microhomology in PMS2-Deficient Mice.
Spleen cells from PMS2-deficient (or Pms2 ϩ/ϩ control) mice were cultured in vitro in the presence of the B cell mitogen LPS or with LPS ϩ IL4 to analyze Ig class switch recombination. There was no difference between the cultures from PMS2-deficient mice and control mice with regard to the proportion of cells induced to blast as judged by scatter analysis. However, in keeping with the results of Schrader et al. (10) , the B cells from PMS2-deficient exhibited a reduced level of switchingespecially with respect to IgG1 (Fig. 1) .
To ascertain whether the molecular process of switch recombination was affected in PMS2-deficient mice, IgG3 switch junctions in mitogen-stimulated splenic B cells were cloned after PCR amplification. The sequences obtained were compared with the germline S and S␥3 sequences by using BLAST with the low-complexity filter disabled. In an initial analysis, it was striking that the precise location of the switch junction in the sequences obtained from a PMS2-deficient mouse (but not from a control) could not be pinpointed because the germline S and S␥3 sequences were identical in the region of the junction (compare mouse A1 to mouse A3, Fig. 2 ). We therefore screened a much larger number of switch junctions from multiple PMS2-deficient as well as litter-matched wild-type mice and, after automated BLAST alignment, computed the overlap by the number of nucleotides of uninterrupted identity between S donor and S␥ acceptor at the junction. The average length of overlap in the IgG3 switch junctions from PMS2-deficient mice was 3.5 nt, as opposed to 0.8 nt in wild-type littermates. The skewing to increased donor͞acceptor homology was also evident in switches to IgG1 and, although to a somewhat lesser extent, in IgG2b switch junctions (Fig. 2) . Furthermore, of 55 IgG3 switch junctions from PMS2-deficient mice, 7 exhibited a donor͞ acceptor overlap at the junction of eight nucleotides or more; in contrast, none of the 54 IgG3 switch junctions from wild-type mice showed more than even a four-nucleotide overlap (Fig. 2) .
A listing of the switch junctions exhibiting longer donor͞ acceptor homology is provided in Fig. 3 . It is particularly striking to note the presence of these very long overlaps given that, in the regions analyzed in this work, the longest stretch of identity between germline S and germline S␥3 is provided by a single example of a 12-nucleotide sequence. Although we have used stringent criteria to measure the extent of donor͞acceptor overlap at switch junctions (only counting uninterrupted stretches of perfect donor͞acceptor identity), several junctions from Pms2 Ϫ/Ϫ , but not control mice, reveal more extensive overlaps, in which the homology is interrupted by a single mismatch (see, for example, clone C2.39 in Fig. 3) . The increased proportion of switch junctions from PMS2-deficient mice that exhibit microhomology is even more striking if such relaxed criteria of homology are used (data not shown).
Thus, the effects of deficiency in PMS2 and in MSH2 on switch recombination are quite different. In MSH2-deficient mice, we did not observe any tendency toward increased donor͞acceptor homology at IgG switch junctions, but instead noted a markedly increased preference for the S switch junction breaks to be located at consensus motifs (4). In PMS2-deficient animals, we see a marked skewing toward increased donor͞acceptor homology (Figs. 2 and 3 ) but do not find any increased tendency for S breakpoints to occur at a GAGCT consensus sequence ( Table 1) . The difference between the effects of PMS2-and MSH2-deficiency on class-switch recombination supports the suggestion that at least one of these proteins is acting outside its conventional role in mismatch repair. The increased reduction in switching to IgG1 as compared with IgG3 in PMS2-deficient mice could reflect the fact that S␥3 has greater overall homology to S than does S␥1 (16) . In the IgG1 switches investigated, the distribution of S␥1 breakpoints in PMS2-deficient mice is shifted toward the more 3Ј part of S, and is more shifted toward the 5Ј part of S␥1; this reflects a shift toward increased donor͞homology while retaining a similar size of switch junction PCR product (Fig. 4A) . The extent to which such a shift is detected will presumably depend on the local Fig. 3 . Switch junctions with overlaps of eight nucleotides or more (all from PMS2-deficient mice). Overlap was determined by identifying the longest region at the switch junction of perfect uninterrupted donor͞acceptor identity. Clone C2.39 (which is therefore determined as exhibiting an overlap of only five nucleotides) is nevertheless included as an example of a junction from a PMS2-deficient mouse (of a type not found in control mice), in which the donor͞acceptor homology (highlighted in gray) extends beyond the longest region of perfect donor͞acceptor identity. The germline S sequence is not precisely known in the region further 3Ј of that depicted for clone C2.42. distribution of homology between S and S␥ over the respective switch regions as well as on the priming positions of the oligonucleotides used for the PCR amplification. Indeed, the effect of PMS2 deficiency on the overall distribution of IgG3 breakpoints is even more apparent when the PCR amplification is performed by using an S␥3 nesting pair of oligonucleotides that primes back from downstream of S␥3 rather than from within S␥3. This allows detection of both switch junctions in which the ␥3 breakpoint lies downstream of the repetitive (more S-homologous) S␥3 region as well as junctions in which the ␥3 breakpoint lies within S␥3 (contrast Fig. 4 C and D) .
Hypermutation Profile Is Unaffected in PMS2-Deficient Mice. As discussed in the introduction, there are several parallels between class switch recombination and somatic hypermutation. In particular, the idea of an active role of MSH2 in switch recombination follows our earlier suggestion that the altered spectrum of nucleotide substitutions observed during Ig hypermutation in MSH2-deficient mice reflects an active role for MSH2 in the hypermutation process itself (17) . Thus, in Msh2 Ϫ/Ϫ mice, the nucleotide substitutions introduced by somatic hypermutation are more focused on the intrinsic hotspots (17, 18) , which we interpreted as implicating MSH2 in assisting mutation creation at sites distinct from the intrinsic hotspots. If MSH2 is indeed acting to assist the generation of nucleotide substitutions rather than simply fulfilling its conventional mismatch repair role, then-as in class switch recombination-one would expect different effects to result from deficiency in either MSH2 or PMS2. The data of Frey et al. (18) suggest that this is indeed the case, because these authors did not observe any effect of PMS2 deficiency on the spectrum of nucleotide substitutions introduced during somatic hypermutation. However, several other groups have also analyzed the mutation spectrum in PMS2-deficient mice, and the results have not been concordant with either no effect reported or effects noted variously on dinucleotide mutations, preferential targeting of G͞C or a decreased ratio of mutation in A as opposed to T (19) (20) (21) (22) . Because it was important to ascertain whether deficiency in PMS2 and MSH2 have similar or differing effects on the mutation spectrum in hypermutation, we analyzed the mutation spectrum in PMS2-deficient mice by using the same strategy that we previously exploited for MSH2-deficient mice. Our results (Fig. 5) confirm those of Frey et al. (18) . Thus, the increase in mutations in G͞C as opposed to A͞T and the concomitant hotspot-focusing of mutation that was observed in MSH2-deficient mice (17, 18) is not also observed in PMS2-deficient mice. Furthermore, we did not detect any increase in dinucleotide mutations in either the Pms2
mismatch-repair-deficient mice.
Discussion
The donor͞acceptor homology seen at many of the switch junctions from PMS2-deficient mice indicate that if switch recombination does indeed proceed by a DNA end-joining mechanism (23) , then joining of the broken DNA ends can be mediated by a microhomology-mediated pathway. Such a joining mechanism could well involve an MRE11͞RAD50͞p95 complex (24, 25) . It is notable that, although the prevalence of donor͞ acceptor homology is striking in the switch junctions from PMS2-deficient mice, such homology is also detectablealthough to a much lesser extent-in switch junctions from wild-type animals. (The mean donor͞acceptor overlap length of 0.8 in IgG3 junctions from wild-type mice and the ratio of the number of junctions with four-base overlaps to those with one-base overlaps in this data set is significantly above what would be expected for randomly generated joints, calculated on the basis of the germline S and S␥3 sequences.) Thus, the microhomology-mediated end-joining that appears to make a major contribution to switching in the absence of PMS2 could also make a variable contribution under other conditions. This is consistent with the findings of Pan and Hammarström (personal communication) who found increased homology at switch junctions in B cells from patients suffering from ataxiatelangiectasia.
PMS2 and MSH2 deficiency have differential effects on switch recombination, suggesting that at least one of these proteins is acting outside its conventional role in mismatch repair. Mismatch repair as judged by in vitro assays and microsatellite stability is defective in cells from mice deficient in either MSH2 or PMS2 (13, 26, 27) . Thus, were MSH2 (possibly in conjunction with MSH3 or MSH6) simply acting to recognize base mismatches at the recombination junctions and thereby recruit PMS2͞MLH1 to effect repair, then we would have anticipated similar skewing effects resulting from deficiency in either MSH2 or PMS2 because, in both situations, mismatch repair is inoperative. However, what we observe is a markedly increased propensity for switch junctions to show donor͞acceptor homology in PMS2-deficient mice (this work), as opposed to a distinct bias in MSH2-deficient mice where we saw no such increased donor͞acceptor homology but rather a tendency for S breaks to be focused on consensus motifs (4) .
That MSH2 and PMS2 deficiency should have different effects on switch recombination is readily understandable if, in addition to acting in mismatch repair, MSH2 has-as previously proposed (4)-an active role in facilitating switch recombination, such as assisting the removal of nonhomologous 3Ј ends during break repair (28) . The altered pattern of switch recombination in Pms2 Ϫ/Ϫ mice could be a consequence of PMS2 deficiency leading to an altered abundance of other DNA repair proteinssee, for example, ref. 29 . A variant on this theme (suggested to us by Claude-Agnes Reynaud) would be that, in the absence of PMS2, MSH2 could be diverted to partake in a complex such as the yeast RAD1͞RAD10͞MSH2 complex that is implicated in the removal of nonhomologous 3Ј ends (28) ; this could lead to increased microhomology at switch junctions. However, most straightforwardly, the microhomology seen at switch junctions from Pms2 Ϫ/Ϫ mice could simply indicate that mismatch repair is normally needed to resolve switch junctions which lack microhomology. In the absence of mismatch repair, a bias toward junctions displaying microhomology would thereby ensue. A similar bias in mice rendered mismatch repair deficient through ablation of MSH2 might not be observed because of the addi- tional participation of MSH2 in class switching at an earlier stage in the process, consistent with the known interactions of MSH2 with early intermediates at double-strand breaks (30) .
Mindful of the parallels between hypermutation and switch recombination, we were motivated to ask whether the contrasting effects of PMS2 and MSH2 deficiencies on class switch recombination also applied to hypermutation. The data of Frey et al. (17) clearly indicate that they do apply to hypermutation, with the mutation spectrum in PMS2-deficient mice being unaffected, whereas the spectrum is biased toward mutation in G ϩ C and is strongly hotspot-focused in MSH2-deficient mice (17, 18) . However, others have seen effects of PMS2 deficiency on mutation spectrum (20) (21) (22) . Here we confirm the findings of Frey et al. (18) by using a strategy to analyze hypermutation that provides large databases of mutations uncomtaminated by skewing the effects of clonal amplification or antigen selection. The results therefore support the proposals (4, 17) that MSH2 (probably together with MSH6 but not MSH3; ref. 31 ) is actively involved in hypermutation and in class-switch recombination, in both cases acting outside its conventional role in mismatch repair. There is, however, a notable difference between the effects of PMS2-deficiency on switch recombination and on hypermutation: the pattern of switch junctions is affected, but the mutation spectrum in hypermutation is not. This might reflect the fact that although there are parallels in the initiation of hypermutation and class-switching, resolution of the initiating DNA lesion will likely proceed by quite distinct pathways in the two processes.
